1.0 Introduction
Background
The cost and schedule of high-level waste (HLW) treatment is highly dependent on the loading of HLW in glass and on the rate of HLW glass production. Increasing the rate of glass processing in the Hanford Tank Waste Treatment and Immobilization Plant (WTP) at the Hanford Site and in the Defense Waste Processing Facility (DWPF) at the Savannah River Site will allow shortening the life cycle of waste cleanup at each site.
In a continuous glass melter, the rate of processing is jointly controlled by the rate of heat-transfer from molten glass to the cold cap and by the kinetics of various chemical reactions and phase transitions within the cold cap (Bickford et al. 1990; Hrma 1990; Hrma et al. 2002) . The cold cap is a mixture of low-melting salts, glass forming melts, undissolved refractory solids (sometimes in clusters), and various gases. Figure 1 .1 shows a schematic of cold-cap melting in a Joule-heated ceramic melter. With an increasingly effective heat transfer in advanced melters equipped with bubblers, the kinetics of feed-toglass conversion reactions within the cold cap becomes more prominent as the rate-controlling process. Thus, the glass formulation and makeup of the feed-i.e., the selection and pretreatment of the batch materials-becomes more important for melting efficiency. 
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1.2
Model-based glass formulation tools have been developed so that each melter feed batch is formulated to satisfy all glass quality and basic processing requirements with appropriate confidence. However, there is currently no tool that can adequately predict the feed melting behavior including the rate of melting as a function of melter feed composition. Therefore, before defining the glass-forming chemicals or frit for a specific batch, the melting rate is assessed through experimental studies, which can be time consuming and costly. Having models to predict the melting behavior of the feed would have a significant impact on glass formulation developed with respect to not only cost but also schedule.
Melting rate studies are being performed at Pacific Northwest National Laboratory (PNNL) to develop a fundamental understanding of glass conversion reactions-in particular those that strongly influence the rate of melting, and tools to predict the impacts of composition and other key parameters on the melting rate, which will be used to identify the methods and strategy to increase the throughput of HLW feeds. The initial results of the crucible scale tests of cold-cap processes to express the key cold-cap parameters that are important to cold-cap behavior as a function of glass feed composition and selected physical properties have been published (Hrma et al. , 2011a (Hrma et al. , 2011b Schweiger et al. 2009; Henager et al. 2011) . The results of crucible scale tests are being used as model inputs for the mathematical cold-cap model. The model report published by Pokorny and Hrma (2010) summarized the recent progress in the development of mathematical model that can, once fully developed, predict melting rates based on feed composition and various processing conditions. This report describes the development of a laboratory-scale melter (LSM) that can be used to determine the rate of melting for various slurry feeds for the vitrification of HLW. The LSM uses a 3 or 4 in. diameter-fused quartz crucible with feed and off-gas ports on top. This LSM setup allows cold-cap formation above the molten glass to be directly monitored to obtain a steady-state melting rate of the waste glass feeds. The LSM can also be used as a quick and inexpensive method to evaluate the cold-cap melting behavior of a range of newly formulated feeds for various purposes, such as formation of salt phase on molten glass surfaces.
Objective
The objective of this study is to establish LSM as a tool to determine the processing rate of waste glass feeds that qualitatively mimic those from large-scale melter tests. LSM tests were performed using Hanford Site HLW glass feeds with existing processing rate data from scaled-melter tests so that the melting rate determined from the LSM test could be compared with that obtained from scaled-melter tests.
Quality Assurance
A graded quality assurance approach was used for the Waste Processing No.4 (WP-4) tasks performed under the U.S. Department of Energy EM-31 Technology Development and Deployment program. The work activities performed in the WP-4.2.2 subtask were performed in accordance with the quality assurance plan for the EM-31 Support Project (EM-31SP-PQAP) under Quality Level 3. This work was conducted in accordance with best laboratory practices (NQA-1-2000-based) as implemented through PNNL's standards-based management system (How-Do-I [HDI]) work flows and subject areas.
2.1

Melting Rate Data from Melter Tests
The results of extensive scaled-melter tests with Hanford Site HLWs performed at Vitreous State Laboratory (VSL) of the Catholic University of America for the WTP project (Matlack et al. 2000 (Matlack et al. , 2001 (Matlack et al. , 2003a (Matlack et al. , 2003b (Matlack et al. , 2003c (Matlack et al. , 2004a (Matlack et al. , 2004b (Matlack et al. , 2004c (Matlack et al. , 2005a (Matlack et al. , 2005b (Matlack et al. , 2005c (Matlack et al. , 2006 (Matlack et al. , and 2007 have been compiled. This database was used to select simulated HLW glass and feed compositions for the LSM tests. Chapman (2004) and Perez et al. (2005) used the similar set of data to develop a mechanistic model that expressed the melting rate as a function of various parameters related to bubbling without considering the effect of feed variations. The present evaluation focused on a preliminary empirical model for melting rate as a function of bubbling rate and glass yield for different feed compositions. Table 2 .1 and Table  2 .2 summarize the melting rate data for given normalized bubbling rate and glass yield from DM1000/1200 (Table 2 .1) and DM100 (Table 2 .2) tests. Normalized to melter surface area. For tests given with bubbling range, the middle value was used.
(b)
Calculated based on average feed rate. Only the tests with simulated AZ-101 and C-106/AY1-02 had sufficient number of data for evaluation of the effect of feed composition. Table 2.1 and Table 2 .2 include only the tests that have all other test variables constant, except the bubbling rate and glass yield; i.e., the data from following tests were excluded:
 tests with modified operation conditions, e.g., modified bubbler configuration, nominal processing temperature other than 1150°C, and use of plenum heating  tests with modified feeds, e.g., addition of sucrose, use of glass frit, and adjusted feed rheology  tests that resulted in abnormal conditions, e.g., vigorous foaming and steady state not obtained  tests with outlying operation conditions, e.g., extremely high bubbling rate compared to the rest of the tests  tests that used bubbling but did not report the bubbling rate.
Initially, the modeling effort in this study was performed on data from DM1000/1200 tests only. It was found that the glass production rate fits well to the function shown in Equation (1):
where r G,DM1200 = glass production rate [kg/(m 2 d)] from DM1000/1200 tests r B = bubbling rate per unit melter surface area [L/(m 2 min)] y G = glass yield per unit volume of slurry feed (g (glass) /L (feed) ) c B and c G = coefficients dependent on melter feed m and n = coefficients independent of melter feed Table 2 .3 shows the model coefficients calculated for the melter feeds for the simulated AZ-101 wastes (Matlack et al. 2000 (Matlack et al. , 2001 (Matlack et al. , 2003a (Matlack et al. , 2004a (Matlack et al. , 2004c and for the simulated C-106/AY-102 wastes (Matlack et al. 2000 (Matlack et al. , 2003b (Matlack et al. , 2004b . All six coefficients were obtained from a least-square regression for all 30 data measured normalize F a points in Ta production ra ed bubbling ra Figure 2 .3 shows that the DM100 results with AZ-101 feed fit Equation (2) exceptionally well but those with C-106/AY-102 feeds showed large scatter. For the C-106/AY-102 feeds, there was a clear difference in production rate between two glass compositions (HLW04-09 glass melted significantly faster than HLW98-86 under similar bubbling rate and glass yield). In addition, the variations for bubbling rate and glass yield for C-106/AY-102 feeds were very narrow, i.e., these variations are not good data sets for the model and therefore the resulting coefficient (f 100 = 1.38) is not adequate for comparison with test data. The initial LSM tests in this study were performed after applying following modifications (shown in Figure 3 .2):
 The off-gas system used to collect off-gas samples was removed and replaced by a simple vent system that sends the off gas to the hood and is designed to prevent the condensed water from flowing back into the crucible.
 The crucible position relative to the furnace was raised so that the melt is primarily heated from the bottom of the crucible (see Figure 3. 2).
The preliminary LSM results provided information on the structure (morphology) of cold cap valuable to the development of the mathematical cold-cap model (Pokorny and Hrma 2010) . However, the LSM setup was not sensitive enough for quantitative determination of melting rate for this study. The preliminary LSM tests identified several issues that made it difficult to obtain the steady state melting rate. Based on these initial experiences, the following improvements were implemented:
 Increased diameter of quartz crucible to allow more room for a cold cap to grow before it touches the crucible wall to avoid "bridging" of the cold cap, which, once formed, is very difficult to recover back to normal operation (see Figure 3. 3).
 New lift apparatus to allow fine control and precise monitoring of crucible height so that the temperature at the interface between cold cap and molten glass can be kept reasonably constant during tests.
 Redesign of slurry feeding system to use water-cooled line outside the feeding tube so the feed nozzle can be brought closer to the cold cap without clogging the feed line caused by dried feed. The reason to bring the feed nozzle closer to the cold cap is to avoid splashing the slurry feed material to the top of the crucible that causes severe interference of view.
 Placement of thermocouple bundle for measurement of temperatures of the molten glass and plenum space (using the additional port added to new fused quartz crucible; see Figure 3 .3). This port can also be used to insert the bubbler.
One of the key factors for successful operation was to keep the cold-cap coverage relatively low at about 40% so the steady state cold-cap coverage can be maintained without causing bridging. 
Glass and Feed Compositions
Based on existing melting rate data from scaled-melter tests discussed in Section 2.0, the two glasses were selected for the LSM tests-HLW98-77 for AZ-101 and HLW98-86 for C-106/AY-102. The compositions of these two glasses are provided in Table 4 .1. The two glasses had in general similar compositions except for two components that had the most noticeable difference: ZrO 2 was higher in HLW98-77 for AZ-101 (3.8 wt% compared to 0.26 wt%) but MnO was higher in HLW98-86 glass for C-106/AY-102 (4 wt% compared to 0.17 wt%). These two glasses had similar viscosity at 1150C, 5.2 Pa·s for HLW98-77 and 4.4 Pa•s for HLW98-86. The composition of HLW98-77 glass feed with AZ-101 is provided in Table 4 .2 and that of HLW98-86 glass feed for C-106/AY-102 is in Table 4 .3. These data were obtained by modifying the recipes given in Matlack et al. (2004a Matlack et al. ( , 2003b ) based on specific materials available at PNNL. These recipes are for the feeds with a glass yield of 500 g/L. 
Laboratory-Scale Melter Tests
Test Procedure
The 500 g/L feed was prepared by mixing all ingredients given in Table 4 .2 or Table 4 .3 in a stainless-steel container with a stainless-steel bar for 1 h. The feeds with 300 or 400 g/L were prepared by adding an appropriate amount of water to the 500 g/L feed. For the preparation of AZ-101 feed, too much water was added accidently and resulted in 479 g/L feed instead of the targeted 500 g/L. Three LSM tests were performed with AZ-101 feeds at 300, 400, and 479 g/L and one test was performed with C-106/AY-102 feed at 400 g/L. Density of the feed for each LSM test was measured using a graduated cylinder and summarized in Table 5 .1. For each test, the glass cullet of the same glass composition as the test melter feed was loaded into the quart crucible for the amount to fill the crucible roughly 2 cm height when melted at ~1150C and heated to a predetermined temperature. Feed was introduced into the crucible via a peristaltic pump that was calibrated for the feeding rate before each test from a beaker of the slurry mixture that was stirred on a stir plate throughout the test period. Table 5 .2 summarizes the calibrated feeding rates for the slurry feeds used in this study. 
Test Results with Initial Setup
As mentioned in Section 3.0, the preliminary tests were not successful to obtain the steady state melting rate that can be used to compare with the melting rate data from scaled-melter tests. Figure 5 .7 shows that the melting rates of AZ-101 feeds increase with increasing glass yield as expected and as predicted from the scaled-melter test data. Figure 5 .7 also shows the AZ-101 feeds process faster than the C-106/AY-102 feeds, which corresponds with the scaled-melter test data.
Te
Comparison between the results from the LSM and scaled-melter tests is limited to relative evaluation only because of major differences in their construction and operation conditions. However, to obtain a rough estimate on the possible effect of melter surface area on the melting rate, the melting rate data from DM1200 (Table 2 .1), DM100 (Table 2. 2), and LSM (Table 5. 3) tests with AZ-101 feeds were fitted to Equation ( Table 2 .3 and obtained the p value from least-square regression while the Option 2 calculated all five coefficients from regression. Table 5 .4 shows that the two regression options make little difference in the model coefficients, especially for m, n, and p, and R 2 values. Figure 5 .9 is a plot of predicted versus measured production rate and Figure 5 .10 shows predicted effects of melter surface area on the calculated glass production rate, based on the Option 1 regression. As mentioned earlier, Figure  5 .10 illustrates a potential trend but is not for quantitative evaluation because of major differences in melter construction and operation conditions between the LSM and scaled melters. Table 2 .3 were used and only p was obtained from regression (2) All five coefficients were obtained from regression 
Conclusions
The melting rate data from extensive scaled-melter tests using simulated Hanford Site HLW performed for the WTP project have been compiled. Preliminary empirical model that expresses the melting rate as a function of bubbling rate and glass yield was developed from the compiled database for two waste glass feeds with most melter run data-AZ-101 and C-106/AY-102 simulated wastes. These two simulated waste melter feeds were also used for the LSM tests in this study so the melting rates determined from LSM test can be compared with those from scaled-melter tests.
The laboratory-scale melter that uses 3 or 4 in. diameter-fused quartz crucible was developed as a quick and inexpensive method to determine the processing rate of various waste glass slurry feeds. Tests with the initial setup were not successful to obtain the steady-state melting rate, although the preliminary test results provided information on the structure (morphology) of cold cap important for development of the mathematical cold-cap model. Based on these initial experiences, the following improvements were implemented:
 Increased diameter of quartz crucible  New lift apparatus to allow fine control and precise monitoring of crucible height relative to the furnace  Redesign of slurry feeding system to use water-cooled line outside the feeding tube  Placement of thermocouple bundle for measurement of temperatures of the molten glass and plenum space.
The results of LSM runs with AZ-101 and C-106/AY-102 simulated HLW melter feeds performed after implementing the above improvements corresponded well with the production rates obtained from the scaled-melter tests. The present results suggest the LSM setup can be used to predict the appropriate trends in glass production rates for the development of new glass compositions or feed makeups that can increase the processing rate of the slurry feeds, although it will not give a quantitative data of large-scale tests. The improvements applied to the present setup will also make it much easier to investigate the formation of separated salt phase during cold-cap melting, which is valuable in developing glass formulations for the waste types of which loading is limited by separated salt formation.
